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Evolutioncode well-conserved proteins of unknown function. Mammalian Spsb genes are
likely the result of three separate duplication and divergence events during vertebrate evolution. The
phylogenetic relationship along with expression and regulation of Spsb genes may offer insight into the
evolution and function of this gene family in vertebrates. We have established that Spsb genes are expressed
in numerous tissues, however their pattern and level of expression is tissue-dependent. Further, only Spsb1 is
responsive to stress caused by ethanol exposure in the mouse brain, which suggests that Spsb genes have
acquired different regulatory mechanisms. Analysis of cis-regulatory elements supports this, but also reveals
some common regulatory modules involved in cell proliferation and stress response. Our results contribute
to the growing body of data on the expression and function of Spsb genes, which serve as a model for studies
on the origin, divergence and specialization of eukaryotic gene families.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe sp1A/ryanodine receptor domain and SOCS box-containing
(Spsb) family of genes were originally identiﬁed as a subfamily of
the large suppressor of cytokine signaling (SOCS) family [1]. SOCS
family proteins are characterized by a SOCS box, a domain of
approximately 40 amino acid residues that is invariably located at
the C-terminus. Traditionally, this domain has been associated with
inhibiting cell signaling molecules either through phosphorylation
competition or by targeting proteins for ubiquitination and subse-
quent degradation [2–4]. The conservation of the SOCS box at the C-
terminus suggests that it plays a broadly similar role in all SOCS
proteins, and that the function of speciﬁc SOCS proteins may be
determined by domains found N-terminally to it.
SOCS proteins form ﬁve structural classes based on the domain
found N-terminal to the SOCS box [1]. Members of the Spsb subfamily,
consisting of Spsb1, Spsb2, Spsb3, and Spsb4 in mammals, possess a
SOCS domain and a domain originally identiﬁed as a sequence repeat
in dual-speciﬁcity kinase sp1A and ryanodine receptors, termed SPRY
[5]. The precise function of the SPRY domain (and the related B30.2
domain) is unknown although it is believed to act as a protein–protein
interaction module capable of binding multiple targets by recognizing
the conformation of a partner protein rather than a consensus
sequence motif [6,7]. A number of studies have attempted to
characterize the function of the B30.2/SPRY domain using genetic,
biochemical and crystal structure analyses, and identify it as aingh@uwo.ca (S.M. Singh).
l rights reserved.versatile interface for directing interactions with speciﬁc target
proteins [8,9]. These reports suggest that small changes in the SPRY
sequence during evolution may have profound effects on the ability of
SPRY-containing proteins to interact with their targets. Much like the
SOCS domain, however, the B30.2/SPRY domain has been identiﬁed in
numerous and diverse proteins across bacterial and eukaryotic
species, including over 150 proteins in humans [10], suggesting that
the speciﬁc function of the B30.2/SPRY domain within a given protein
may heavily rely on other domains present.
While the speciﬁc functions of the SPRY and SOCS-containing Spsb
genes are not known, recent research has begun to explore
characteristics of speciﬁc Spsb gene family members. The SPRY
domain present within Spsb proteins has been found to interact
with MET, with Spsb1 (but not Spsb2, -3, or -4) able to enhance MET
ligand hepatocyte growth factor (HGF) induced Ras/Erk signaling [11].
This pleiotropic pathway plays a role in controlling cell growth,
morphogenesis, and motility [12]. Other research has shown that
Spsb1, Spsb2, and Spsb4 (but not Spsb3) can interact with prostate
apoptosis response protein-4 (PAWR) via a conserved structural fold
that also enables these proteins to interact with MET [13]. This
followed work from the same group examining the role of Spsb2 in
vivo by genetic deletion of Spsb2 in mice [14]. Interestingly,
histological examinations revealed no difference between homozy-
gous null andwild type animals, although the deﬁcientmice displayed
reduced platelet counts and thrombocytopenia. These observations
suggest a role for Spsb2 in platelet homeostasis, although the limited
effect of Spsb2 knock-out in mice may also suggest a compensatory
role of the other Spsb proteins for Spsb2. No experimental work has
directly attributed a role to Spsb3 and Spsb4, although the latter has
been implicated in female gametogenesis [15]. Although the functions
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gene family is limited and the speciﬁc function of each gene remains
to be established.
In a global analysis of brain gene expression following acute
ethanol exposure, we have previously identiﬁed Spsb1 as ethanol-
responsive in the brains of genetically inbred strains of mice [16]. The
current report deals with the molecular evolution and regulation of
expression of Spsb1, Spsb2, Spsb3 and Spsb4 in mice, with special
reference to the expression of these genes in the brain.
Results and discussion
Divergence of the Spsb gene family in vertebrates
Individually, the SPRY and SOCS domains are found in a large
number of genes. The SOCS domain, present in metazoan species, is
found in at least 380 proteins within the SMART NRDB database [17]
and seems to have greatly diverged among vertebrates with 280
known different proteins containing the domain. The SPRY domain
can be found in 2515 proteins in both bacterial and eukaryotic
species. Preliminary searches of the NCBI database did not identify
Spsb sequences in fungi or plants, suggesting that this gene family
ﬁrst appeared in metazoans. Given the presence of numerous genes
containing these domains individually, the Spsb gene family may
have been formed through an exon-shufﬂing event that combined
the SPRY and SOCS domains during metazoan evolution. In Spsb1,
Spsb2, and Spsb4, the SPRY and SOCS domains are encoded by
exons 2 and 3 respectively, supporting a domain-joining hypothesis.
To examine the evolution and divergence of the Spsb family in
vertebrates, we used the mouse Spsb1 amino acid sequence as a
probe to perform scans of recent genome assemblies of Homo
sapiens, Pan troglodytes, Mus musculus, Rattus norvegicus, Bos taurus,
Gallus gallus, Xenopus laevis, and Danio rerio for potential ortholo-
gues. Although putative orthologues are found in invertebrate
species, we focused our analysis on vertebrates to gain insight
into how the divergence of the four Spsb genes in this lineage mayTable 1
Accession numbers of sequences used for alignments and tree construction
Species Gene ID Gene
Homo sapiens 80176 SPSB1: splA/ryanodine receptor domain and S
Homo sapiens 84727 SPSB2: splA/ryanodine receptor domain and S
Homo sapiens 90864 SPSB3: splA/ryanodine receptor domain and S
Homo sapiens 92369 SPSB4: splA/ryanodine receptor domain and S
Pan troglodytes 469790 SPSB1: similar to SPRY domain-containing SO
Pan troglodytes 453826 SPSB3: splA/ryanodine receptor domain and S
Pan troglodytes 460739 SPSB4: splA/ryanodine receptor domain and S
Bos taurus 504407 SPSB1: splA/ryanodine receptor domain and S
Bos taurus 613651 SPSB2: splA/ryanodine receptor domain and S
Bos taurus 515661 SPSB3: splA/ryanodine receptor domain and S
Bos taurus 512922 SPSB4 splA/ryanodine receptor domain and S
Mus musculus 74646 Spsb1: splA/ryanodine receptor domain and S
Mus musculus 14794 Spsb2: splA/ryanodine receptor domain and S
Mus musculus 79043 Spsb3: splA/ryanodine receptor domain and S
Mus musculus 211949 Spsb4: splA/ryanodine receptor domain and S
Rattus norvegicus 313722 Spsb1: splA/ryanodine receptor domain and S
Rattus norvegicus 297592 Spsb2: splA/ryanodine receptor domain and S
Rattus norvegicus 302981 Spsb3: splA/ryanodine receptor domain and S
Rattus norvegicus 300950 Spsb4: splA/ryanodine receptor domain and S
Gallus gallus 419441 SPSB1: splA/ryanodine receptor domain and S
Gallus gallus 416401 SPSB3: splA/ryanodine receptor domain and S
Gallus gallus 429129 SPSB4: splA/ryanodine receptor domain and S
Xenopus laevis 379894 ns:zf-e326
Xenopus laevis 496145 LOC496145: hypothetical locus 496145
Xenopus laevis 734286 MGC85027: hypothetical protein MGC85027
Danio rerio 334190 zgc:114115 (spsb1): sp1A/ryanodine receptor d
Danio rerio 445080 zgc:92395 (spsb4b): sp1A/ryanodine receptor
Danio rerio 559863 LOC559863: hypothetical LOC559863
Danio rerio 557906 spsb4: splA/ryanodine receptor domain and Sreﬂect differences in expression and regulation. BLAST analysis
revealed 29 protein or hypothetical protein sequences with
signiﬁcant similarity to M. musculus Spsb1 in the species searched
(see Table 1). The amino acid sequences were well-conserved across
all species, with the SPRY and SOCS domains corresponding to the
areas of highest similarity (for sequence alignment, see supplemen-
tary Fig. S1).
The topology of the neighbour-joining tree (Fig. 1) supports that
the evolution of the Spsb gene family in vertebrates likely involved
three duplication and divergence events resulting in four Spsb genes.
Interestingly, speciﬁc gene family members seem to be highly
conserved across species, whereas paralogues within species are
relatively dissimilar. The dissimilarity between Spsb3 as compared to
Spsb1, Spsb2, and Spsb4 (Spsb3 shares approximately 18% amino acid
similarity with Spsb1) among vertebrates may reﬂect a very distant
gene duplication and subsequent divergence, however the sequence
of Spsb3 is certainly well-maintained among all Spsb3 orthologues,
suggesting it may have some distinct function that requires the
conservation of its sequence. Functional data regarding the roles of
each Spsb gene family member will be very useful in determining the
consequences of this sequence dissimilarity.
Spsb2 shares 44% sequence similarity with Spsb1 in the mouse, and
is very well-conserved between other mammalian Spsb2 orthologues.
We failed to ﬁnd Spsb2 orthologues in amphibians and birds. There are
annotated Spsb2 orthologues in ﬁsh species within the Ensembl
database and in our analysis the Danio Spsb2 orthologue (zgc:92395)
clustered with mammalian Spsb2 genes, although it was noticeably
more divergent. Spsb1 and Spsb4 are considerably similar at the amino
acid level (74% similarity between Spsb1 and Spsb4 in the mouse).
Across vertebrate species, Spsb2 shared approximately 78% similarity
as compared to 85% similarity between Spsb3 genes, 89% similarity
among Spsb4 genes, and 92% similarity among Spsb1 genes across
vertebrate species. It is possible that the maintenance of Spsb1-like
sequences across species reﬂects its functional importance, and that
the high inter-species conservation of each speciﬁc Spsb gene family
member reﬂects distinctive roles, but this remains to be determined.Map Protein accession
OCS box containing 1 1p36.22 NP_079382
OCS box containing 2 12p13.31 NP_116030
OCS box containing 3 16p13.3 NP_543137
OCS box containing 4 3q23 NP_543138
CS box protein SSB-1 variant 1p XP_525174
OCS box containing 3 16p XP_510737
OCS box containing 4 3q XP_001159678
OCS box containing 1 16: – NP_001029381
OCS box containing 2 5: – NP_001069748
OCS box containing 3 25: – NP_001029678
OCS box containing 4 1: – XP_590531
OCS box containing 1 4: E2 NP_083311
OCS box containing 2 6: 60.2 cM NP_038567
OCS box containing 3 17: A3.3 NP_081417
OCS box containing 4 9: E3.3 NP_660116
OCS box containing 1 5q36 NP_001101464
OCS box containing 2 4q42 AAH88189
OCS box containing 3 10q12 NP_001100458
OCS box containing 4 8q31 NP_001100319
OCS box containing 1 21: – XP_417599
OCS box containing 3 14: – XP_414716




omain and SOCS box containing 1 23: – AAH97174
domain and SOCS box containing 4b 15: – AAH78385
3: – XP_688343
OCS box containing 4 2: – XP_686153
Fig. 1. Neigbour-joining tree representing the relationship between vertebrate Spsb
proteins. Amino acid sequences were identiﬁed by similarity to M. musculus Spsb1.
Neighbour-joining tree is unrooted and was constructed as described in the text.
Numbers at nodes are percentage bootstrap values derived from 1000 replicates and
only bootstrap values greater than 50 are shown. Bar, 0.1 amino acid replacements per
site.
Fig. 2. Spsb expression in adult C57BL/6J mouse tissues. mRNA levels were quantiﬁed by sem
each group) are shown for brain (Bra), heart (Hrt), kidney (Kid), liver (Liv), lung (Lun), muscl
expressed as a percentage of Spsb1 brain expression.
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not detrimental to the ﬁtness of the organism. For example, Spsb2 in P.
troglodytes (Gene ID: 451800) and E. caballus (Gene ID:100060131)
have been putatively lost as functional proteins but can still be found
in the genome as pseudogenes. This is also supported by the mild
phenotype resulting from the genetic deletion of Spsb2 in mice [14], a
result which is surprising given the relatively ubiquitous nature of
murine Spsb2 expression (see Fig. 2). It is possible that there may be
some redundancy between the more similar Spsb genes [11] such that
the loss of one is tolerated. Also, since each of the four proteins have
generally maintained their sequence and domain structure [1], they
may compensate for each other under some circumstances. This does
not eliminate the possibility, however, that expression and regulatory
differences between genes has specialized their functions to some
extent. To further explore this, we assessed the expression of Spsb
genes in mice.
Expression pattern of Spsb genes in mouse tissues
We examined differences in expression between Spsb genes and
between tissues in order to gain insight into differences in regulation
and perhaps function. Our analysis of Spsb gene expression in adult
mouse tissues (Fig. 2) demonstrated a variable pattern of expression
across tissues, however the tissues that showed the highest levels of
overall expression were the brain, lung, ovaries, testes, and thymus.
Spsb1 was the most prominent Spsb gene family member in the
brain, heart, ovaries, and testes. The relative levels of Spsb1, Spsb2, and
Spsb3 differed depending on tissue type but all werewidely expressed,
although Spsb2was the only gene ubiquitously expressed in all tissues
that we examined. In comparison, Spsb4 was only expressed in the
brain, kidney, and ovaries and at relatively low levels. These expression
results follow Masters et al. [14] and suggest that, whatever their
speciﬁc functions in each tissue type, Spsb genes may respond to
different regulatory cues. We evaluated this hypothesis by examining
the ethanol-responsiveness of Spsb genes in the mouse brain.
Spsb expression and ethanol response in the mouse brain
We have previously demonstrated that Spsb1 is up-regulated in
response to ethanol exposure in the mouse brain [16]. We therefore
examined the effect of a single dose of ethanol on the expression of
Spsb1, Spsb2, Spsb3, and Spsb4 in the brains of adult C57BL/6J and
DBA/2J mice to evaluate regulatory differences between genes (Fig. 3).i-quantitative RT-PCR using Gapdh as an internal control. Mean values±SEM (n=4 for
e (Mus), ovary (Ovr), spleen (Spl), testes (Tes), and thymus (Thy) for each Spsb gene and
Fig. 3. Spsb brain expression in the adult mouse showing strain-speciﬁc ethanol-response of Spsb1. (A) Spsb RT-PCR products from reactions multiplexedwith a 250 bp Gapdh band as an
internal control in ethanol-treated (E) and control (C) C57BL/6J (B6) and DBA/2J (D2) mice. (B) Quantiﬁcation of brain expression in C57BL/6J (B6) and DBA/2J (D2) mice following
treatment with saline or ethanol. Mean mRNA levels±SEM for each group (n=9 mice per treatment per strain) are expressed relative to Gapdh and as a percentage of C57BL/6J Spsb1
control group. Effects of strain and treatment were determined using two-factor ANOVA (pb0.0001) followed by Tukey–Kramer multiple comparison tests. Bars indicate signiﬁcant
differences between saline-treated and ethanol-treated groups: light bar pb0.05, heavy bar pb0.001. Signiﬁcant differences between strains are indicated: ⁎pb0.05, ⁎⁎pb0.001.
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response to alcohol [18], which in part may be mediated by strain-
speciﬁc differences in gene ethanol-response [16]. Wewere interested
to determine if all Spsb genes respond to an external stressor,
particularly given the roles of SOCS proteins in mediating extracellular
stress signals. Without ethanol exposure, we found that only Spsb1
showed a strain-speciﬁc pattern of expression, with DBA/2J mice
showing signiﬁcantly higher expression than C57BL/6J (pb0.05) (Fig.
3). Following ethanol exposure, Spsb1 expression increased in both
strains: DBA/2J mice showed a 1.9-fold ethanol-induced increase in
mRNA levels (pb0.001) and C57BL/6J mice showed a less pronounced
1.6-fold increase (pb0.05). This interaction between strain and
ethanol-induced change in expression was found to be signiﬁcant
(two-factor ANOVA, pb0.0001). No other Spsb gene showed a
signiﬁcant pattern of strain-speciﬁcity or ethanol response.Neurodevelopmental expression of Spsb1 increases through
synaptogenesis
We chose to examine the expression of Spsb1 during neurodeve-
lopment because of its high expression in the mouse brain and
because of its responsiveness to external cues (such as ethanol). Also,
Spsb1 is very well-conserved across a number of species, which may
reﬂect functional importance. SinceMETand its ligand HGF are known
to have important roles relating to cell proliferation, survival, and
synaptogenesis during mammalian brain development [19–21], high
levels of Spsb1 expression at this time would be consistent with its
role in HGF signaling. We again examined both C57BL/6J and DBA/2J
mouse strains because of the strain-speciﬁc expression of Spsb1 and
also because these strains are known to differ substantially in neuron
number and volume for various regions of the brain, attributable to
362 M.L. Kleiber, S.M. Singh / Genomics 93 (2009) 358–366genetically controlled differences in brain development [22–24]. Our
results show that Spsb1 is expressed at postnatal day (PD) 1 and
mRNA levels increase through PD3, 7, and 14 (Fig. 4). We detected
highest levels of expression at PD21 followed by a decrease at PD90.
The expression of Spsb1 over this period of brain development was
also dependent on strain (two-way ANOVA, pb0.001). This increasing
gene expression pattern correlates with brain growth during
synaptogenesis, a critical neurodevelopmental time characterized by
proliferation of cortical brain mass, rapid synapse formation, and
myelination [25,26]. Given the need for efﬁcient HGF signaling during
synaptogenesis [27,28], the increase in Spsb1 expression during this
time is not unexpected and supports that Spsb1 plays a role in HGF
signaling during brain development.
Our expression experiments collectively suggest that individual
Spsb genes have their own speciﬁc regulatory features. The four
genes differ in their level of expression and only Spsb1 is responsive to
ethanol. Further, the degree of up-regulation of Spsb1 is much more
pronounced in DBA/2J than in C57BL/6J mice. These observations
regarding the strain-speciﬁcity and ethanol-response of Spsb1 in the
brains of C57BL/6J and DBA/2J mice was further evaluated through
analysis of the promoters of the Spsb genes.
Analysis of cis-regulatory elements
In silico analysis of the 5′ upstream regions of the four mouse Spsb
genes identiﬁed putative regulatory regions within 600 bp upstream
and 200 bp downstream of the start of transcription sites. This area
was pursued for further regulatory analysis. As Spsb1 was the only
Spsb gene that showed a signiﬁcant strain-speciﬁcity, we ampliﬁed
the region spanning −618 bp to +256 bp relative to the start of
transcription site in both C57BL/6J and DBA/2J mice. Sequencing
revealed no difference between strains within this region. We also
noted that this area was CpG-rich [29] with 69 sites in approximately
800 bp and we therefore explored the possibility that gene expression
in C57BL/6J and DBA/2J mice may be affected by differential
methylation. We utilized ﬁve of these CpG sites that were found
within CCGG HpaII restriction enzyme recognition sites to performFig. 4. Spsb1 brain expression in C57BL/6J and DBA/2J mice during synaptogenesis. (A) Spsb1
control in C57BL/6J (B6) and DBA/2J (D2) mice at postnatal day (pnd) 1, 3, 7, 14, 21, and 90. (B
expressed relative to Gapdh and as a percentage of C57BL/6J PND1. Signiﬁcant effects of age
Kramer multiple comparison tests. Signiﬁcant differences between strains at speciﬁc ages amethylation-sensitive restriction enzyme digests followed by PCR
ampliﬁcation. The absence of a band following ampliﬁcation indicated
that at least one of the CCGG sites within the regions we ampliﬁed
were unmethylated in the brains of both strains (data not shown).
Further, we found no differences between C57BL/6J and DBA/2J mice
to suggest that the strain-speciﬁc expression of Spsb1 could be
attributed to methylation differences. While we failed to ﬁnd the
mechanism for strain-speciﬁcity within this study, we speculate that it
may be attributable to differences in trans-acting factors.
We examined cis-regulatory sequences within all Spsb promoter
regions to gain insight into how these genes may be regulated. We
were particularly interested in sites unique to Spsb1 that might
explain its ethanol-responsiveness, as well as the types of transcrip-
tion factor sites that are present in all Spsb genes. The putative
promoter regions were ﬁrst analyzed using MatInspector [30], which
predicts and scores transcription factor binding sites (TFBS) according
to position weight matrices based on the information content of
individual nucleotide positions. It then calculates relative matrix
similarity to suggest the functional potential of speciﬁc sequence
matches. Initially in the 800 bp examined for each gene, MatInspector
identiﬁed 71, 95, 66, and 84 signiﬁcant potential TFBS for Spsb1, Spsb2,
Spsb3, and Spsb4 respectively. We accepted only those TFBS with a
core similarity of 1 (100%) and a matrix similarity of N95%, which
reduced the number of signiﬁcant sites to 14, 20, 12, and 14 (Fig. 5).
Since it is known that regulation may be dependent on combinations
of TFBS that act together to coordinate the expression of genes that
share similar functions or responsiveness to external signals [31,32],
we evaluated the Spsb promoters for common cis-regulatory modules
falling in the same orientation and within 5–50 bp of one another
using FrameWorker. Results identiﬁed two signiﬁcant regulatory
modules (Fig. 5), one present in all four Spsb genes that include the
early growth response (Egr) family of transcription factors
(pb0.0009). Egr family transcription factors contain interferon-
related conserved regions and are thought to be involved in regulating
gene activity in the proliferative and/or differentiative pathways
induced by NGF during brain development [33]. The second module
(pb0.003), present in Spsb1, Spsb2, and Spsb3, involves theRT-PCR products from reactions multiplexed with a 250 bp Gapdh band as an internal
) Quantiﬁcation of mean expression at speciﬁc ages (in pnd)±SEM. Each group (n=4) is
and strain were determined using two-factor ANOVA (pb0.0001) followed by Tukey–
re indicated: ⁎, pb0.001.
Fig. 5. Organization of cis-regulatory elements present in Spsb promoters. CpG-rich regions are indicated (green rectangles). Transcription factor binding sites were predicted by
MatInspector software (core similarity=1; matrix similarityN0.95), and cis-regulatory modules predicted by FrameWorker are indicated (blue rectangles). Most signiﬁcant common
regulatory modules are indicated (⁎⁎, pb0.0009; ⁎, pb0.003). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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factor consensus sites. These modules may play a role in regulating
multiple Spsb genes, and may provide a mechanism for why at least
two Spsb gene family members were often co-expressed within
tissues. Further, all Spsb genes contain regulatory elements related to
development, cell proliferation, stress response, and apoptosis,
suggesting that these genes may play a role in these processes
(Table 2). Overall, our results demonstrated that although Spsb genes
contain TFBS involved in similar processes, each speciﬁc Spsb gene
possessed its own proﬁle of signiﬁcant sites. We would also like to
note that the transcription factor sites we have evaluated were chosen
on the basis of matrix similarity to known vertebrate binding-site
consensus sequences, and do not represent an exhaustive list of
potential sites. While these results require experimental validation,
the types of signiﬁcant and overrepresented transcription factor
binding sites present in the promoters implicate the Spsb genes in cell
proliferation and survival processes. This follows the results of Wang
et al. [11] that associate Spsb1with enhanced signaling of cell survival
cues. In particular, the Egr family of transcription factors have noted
roles in differentiation and apoptosis [34,35], are activated by the Erk/
Elk signaling pathway [36,37], and play a role in response to cellular
stress caused by hypoxia and ethanol [38,39]. Further, Ets and Sp1
sites are known to act together and may be a cis-regulatory module
that facilitates the expression of cytokine-inducible genes [40,41].
This analysis also identiﬁed three TFBS unique to Spsb1: Atf6, Maz,
and Myt1, with roles in stress response, cell cycle progression, and
neuronal development, respectively (Table 2). Atf6 has a well-
established role in endoplasmic reticulum stress-response and,
interestingly, often acts in conjunction with NF-Y [42,43], which we
have previously identiﬁed as a potential transcriptional activator of
ethanol-responsive genes [44]. Myt1 has also been implicated inethanol response in human alcoholics [45]. Maz, a fairly ubiquitous
zinc-ﬁnger protein, is important for the regulatory co-ordination of a
number of processes such as cell differentiation and proliferation,
includingwithin the brain [46]. The functionality of these transcription
factor binding sites is undetermined, but the presence of sites unique
to the Spsb1 promoter may provide a mechanism for the ethanol-
responsiveness of Spsb1, and provides evidence for the regulatory
divergence between Spsb genes. Collectively, our expression and
regulation results are consistent with previous reports exploring Spsb
functioning and indirectly support that these genes may play an
important role in development and responses to cellular stress.
Spsb genes provide an interesting model for the exploration of a
gene family through expression, regulation, and evolution. In this
report, we have examined their sequence characteristics, and
presented data regarding the expression pattern of these genes in
the mouse, including the response of Spsb1 to ethanol and its
developmental proﬁle in the brain. The conservation of these genes
in diverse animal species suggest that they play some important role in
cellular processes, which we speculate may involve roles in develop-
ment, cell survival, and response to external stressors. Although a
systematic analysis of the function of these genes is still required, the
data offeredwithin this study are presented to enhance understanding
of this relatively uncharacterized gene family and offer some insight
into what roles these genes may have in mammalian physiology.
Materials and methods
Sequence analysis and neighbour-joining tree construction
BLAST searches (blastp and/or tblastn with default parameters)
were conducted using the mouse Spsb1 protein sequence to screen
Table 2
Signiﬁcant transcription factor binding sites (TFBS) within the Spsb promoter regions and their biological roles
TFBS Gene Biological process Role
Atf2 Spsb2 Stress response Member of b-zip family; induced by ER damage/stress
Atf6* Spsb1 Stress response Member of b-zip family; induced by ER damage/stress
Creb1 Spsb2,4 Signal transduction,
stress response
cAMP-responsive element binding protein; induces transcription of genes in response to
hormonal stimulation of the cAMP pathway
Crx Spsb4 Development Hox family gene; Cone-rod homeobox-containing transcription factor / otx-like homeobox gene;
photoreceptor-speciﬁc transcription factor which plays a role in the differentiation of
photoreceptor cells
E2f1 Spsb1,2,34 Cell cycle control E2f family member; control of cell cycle and tumor suppressor proteins; mediates cell
proliferation and p53-dependent/independent apoptosis.
Ebox Spsb4 Development, apoptosis Bound by basic helix­loop­helix repressors; regulated in a cell type-speciﬁc manner by
extracellular stimuli such as growth factors, hypoxia, hormones, nutrient, and cytokines.
Egr1, Egr2 Spsb1,2,3,4 Development, apoptosis EGR family of C2H2-type zinc-ﬁnger proteins; required for differentitation and mitogenesis;
possible cancer suppressor gene.
Ekl (Klf1), Klf15 Spsb2,4 Cell differentiation, development, zinc ion binding Kruppel-like zinc ﬁnger transcription factor family; ubiquitous; organ morphogenesis
Elk1 Spsb2,4 Apoptosis, stress response, signal transduction Member of ETS oncogene family; nuclear target for the ras­raf­MAPK signaling cascade
Ets1, Elf2, Ets3 Spsb1,2,3,4 Apoptosis, stress response E twenty-six family transcription factor; involved in cellular proliferation and apoptosis; roles in
differentiation and migration; induced by oxidative stress
Gli1 Spsb2 Development, zinc ion binding Kruppel family member zinc ﬁnger transcription factor; regulated by Shh signaling in the
developing diencephalon and midbrain
Hif1a Spsb2 Stress response Hypoxia inducible factor 1; essential role in cellular and systemic homeostatic responses to
oxidative stress
Kcnip3 Spsb2,3 Stress response Kv channel interacting protein 3, calsenilin, calcium-regulated transcriptional repressor; interacts
with voltage-gated potassium (Kv) channel-interacting proteins to regulate neuronal excitability
in response to changes in intracellular calcium
Lef1 Spsb1,3 Development TCF/LEF-1, downstream component of the Wnt signaling pathway
Maz* Spsb1 Zinc ion binding, cell cycle control Myc associated zinc ﬁnger protein; cell cycle progression; inﬂammatory conditions can trigger
cellular growth arrest
Meis1 Spsb2,3 Development Homeobox protein belonging to the TALE (‘three amino acid loop extension’) family of
homeodomain-containing proteins; Hox cofactor involved in body patterning
Mel1 Spsb4 Zinc ion binding, cell cycle control Zinc ﬁnger transcription factor; associated with acute myeloid leukemia
Myt1* Spsb1 Development, zinc ion binding Myelin transcription factor 1; zinc ﬁnger transcription factor involved in primary neurogenesis;
ethanol responsive
Nfkb Spsb4 Apoptosis, signal transduction Nuclear factor of kappa light polypeptide gene enhancer in B-cells; transcriptional regulator
responsive to numerous intra- and extra-cellular stimuli; anti-apoptotic; inappropriate activation
associated with inﬂammatory diseases, inappropriate immune cell development, and delayed
cell growth.
Nkx3-2 Spsb2,3 Development Bagpipe homeobox gene 1 homolog (Drosophila); represses expression of the chondrocyte
maturation factor
Rel Spsb4 Apoptosis, stress response reticuloendotheliosis oncogene; Nfkb-related transcription factor
Smad3 Spsb3 Cell cycle control, stress response, development Controls transforming growth factor-beta (TGF-beta) signaling; TGF-beta controls proliferation
and differentiation in many cell types
Sp1 Spsb1,2,3 General transcription factor, zinc ion binding Stimulating protein 1, ubiquitous zinc ﬁnger transcription factor; roles in stress response,
apoptosis, cell proliferation and development
Tcfap2a, Tcfap4 Spsb3,4 General transcription factor, zinc ion binding Transcription factor activator protein, general transcription factor; critical regulatory factor for
neural gene expression and neuronal development
Tgif1 Spsb3 Development TG-interacting factor belonging to TALE class of homeodomain factors; may participate in the
transmission of nuclear signals during development; associated with holoprosencephaly type 4,
a structural anomaly of the brain
Zbtb33 Spsb4 Development, zinc ion binding Zinc ﬁnger transcription factor; cell growth and development; acts with p120-catenin in a
pathway that controls vertebrate morphogenesis
⁎ Site speciﬁc to Spsb1.
364 M.L. Kleiber, S.M. Singh / Genomics 93 (2009) 358–366NCBI genome database (http://www.ncbi.nlm.nih.gov/) and Ensembl
genome browser (http://www.ensembl.org) assemblies of Homo
sapiens, Pan troglodytes, Bos taurus, Mus musculus, Rattus norvegicus,
Gallus gallus, Xenopus laevis, and Danio rerio for Spsb-like sequences
(E-value≤10−5). These sequences were then scanned for both SPRY
and SOCS domains using Pfam [47] and SMART [17] databases. A list
of identiﬁed potential homologues, their NCBI accession numbers,
and species used within this report are included in Table 1. When
sequence discrepancies occurred between NCBI and Ensembl
databases, we opted to use NCBI sequences. Amino acid sequences
were aligned using ClustalW optimal multiple alignment algorithm
[48] embedded in DNAMAN v.6 software (Lynnon Biosoft, Pointe-
Claire, Que.) using the blocks substitution matrix (BLOSUM).
Sequences used to construct trees included the most conserved
region of the alignment which included both the SPRY and SOCS
domains. Neighbor-joining trees [49] were constructed and tested
using 1000 bootstrap replicates.Animals
All protocols complied with ethical standards established by the
Canadian Council on Animal Care and were approved by Animal Use
Subcommittee at the University of Western Ontario. Male and female
C57BL/6J and DBA/2J mice were originally obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and bred and maintained in the
Collip Animal Care Facility at the University of Western Ontario.
Animal protocols including ethanol treatment have been described in
Treadwell and Singh [16]. Brieﬂy, adult male mice were weighed and
given an intraperitoneal injection of 25% ethanol in saline represent-
ing a 6 g/kg dose. This dose was chosen to maximize the identiﬁcation
of ethanol-responsive genes. Weight-matched controls were injected
with an equivalent volume of saline (0.15 M NaCl). Six hours later,
mice were sacriﬁced by CO2 asphyxiation and cervical dislocation. For
developmental expression analysis, C57BL/6J and DBA/2J mouse pups
at postnatal day 1, 3, 7, 14, 21, and 90 were euthanized by CO2. Whole
365M.L. Kleiber, S.M. Singh / Genomics 93 (2009) 358–366brain tissue was harvested and frozen in liquid nitrogen before
transfer to −80 °C for storage. Tissue was collected from untreated
adult C57BL/6J mice for tissue-speciﬁc expression analysis.
Expression analysis
Total RNA was isolated using TRIZOL (Invitrogen, Carlsbad, CA,
USA) in a method adapted from Chomczynski and Sacchi [50]. RNA
was DNAse-treated, phenol-chloroform extracted, and ethanol-pre-
cipitated (adult ethanol-treated and control mice) or alternatively
DNAse treated using DNA-free™ (Ambion, Austin, TX) (postnatal day
1–90 mice). RNA integrity was electrophoretically veriﬁed by
ethidium bromide staining and by OD260/OD280 nm absorption ratio
within the range of 1.9–2.1. The mRNA expression of the Spsb genes in
the adult brain was assessed by semiquantitative reverse-transcrip-
tion PCR (sqRT-PCR) using whole brain RNA from nine ethanol-treated
and nine control C57BL/6J and DBA/2J mice. The developmental
expression of Spsb1 was assessed using 4 mice per strain at each
developmental timepoint. Tissue expression analysis was conducted
using samples isolated from 4 C57BL/6J mice (both males and
females). cDNA was synthesized by reverse-transcribing 1 μg total
RNA using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) in
the presence of 0.2 μM oligo(dT)12–18, 20 μM dNTP, and 5 μM DTT.
cDNA was puriﬁed using a QIAGEN PCR Puriﬁcation kit (Mississauga,
ON). One-tenth of the cDNA product was used in a multiplexed PCR
with the housekeeping gene glyceraldehyde-3-phosphate dehydrogen-
ase (Gapdh) as an internal control. Gene-speciﬁc primers designed for
the ampliﬁcation of Spsb1, Spsb2, Spsb3, Spsb4, and Gapdh are shown
in supplementary Table S2. PCR conditions for each 25 μl reaction
varied between genes to optimize fragment ampliﬁcation, but
generally were as follows: 20 mM Tris–HCl, 50 mM KCl, 40 μM
dNTPs, 1 U Taq polymerase (Invitrogen), 1–2 mM MgCl2, 4 μM gene-
speciﬁc primers, 0.16–0.02 μM Gapdh primers. Reactions were
denatured for 4 min at 94 °C and ampliﬁed during 24–30 cycles of
94 °C for 30 s, 60 °C to 63 °C for 45 s, and 72 °C for 45 s. PCR products
sampled during the log-linear phase of ampliﬁcation were visualized
by ethidium bromide staining of 6% polyacrylamide gels. The intensity
of each band as well as background intensity was quantiﬁed using
FluorChem™ IS-8900 software (Alpha Innotech, San Leadro, CA). Band
intensities were normalized to the background then used to calculate
a gene of interest/Gapdh ratio for each reaction. Results from three
trials were averaged between individuals, and then between groups to
identify expression levels for each experimental group.
Promoter sequence and methylation analysis
The region spanning −618 bp to +256 bp relative to the start of
transcription site of Spsb1 was PCR-ampliﬁed in two overlapping
fragments using two sets of gene-speciﬁc primers supplementary
Table S2 from adult C57BL/6J and DBA/2J genomic brain DNA.
Products were visualized by ethidium bromide staining of 1.5%
agarose gels, excised using QIAgen Gel Extraction kit (Valencia, CA),
then TA-cloned into pGEM-T Easy vectors (Promega, Madison, WI,
USA) and transformed into competent XL1 BLUE Escherichia coli
cells. Vectors containing inserts were selected by blue-white colony
screening, extracted using the QIAgen Miniprep kit, and four
colonies per mouse were sequenced with M13 forward and reverse
primers. Genomic DNA sequences obtained from C57BL/6J and DBA/
2J mice were submitted to GenBank (accession nos. FJ160467 and
FJ160468). For methylation analysis of the Spsb1 promoter region,
1 μg of brain genomic DNA from C57BL/6J and DBA/2J mice was
used in independent digest reactions with 1 U MspI (methylation
insensitive) or HpaII (methylation sensitive) restriction enzymes.
Five microliters of the digest product as well as 0.3 μg of uncut
genomic DNA were used in PCR reactions with the two sets of
promoter-speciﬁc primers described above. Primer sets Spsb1 pr1and Spsb1 pr2 contained one and four enzyme recognition
sequences respectively. Products were electrophoresed on 6%
polyacrylamide gel and visualized by ethidium bromide staining.
Transcription factor modeling
Promoter sequences for Spsb1, Spsb2, Spsb3 and Spsb4 were
extracted using CpG Plot (EMBOSS software, http://www.ebi.ac.uk/
emboss/cpgplot/) and Gene2Promoter (Genomatix Suite 3.4.1, www.
genomatix.de) using default settings. These promoters were scanned
for matches to the vertebrate section of the matrix library of
transcription factor binding sites (Matrix Family Library version 5.0,
MatInspector, Genomatix Suite, www.genomatix.de). Elements with a
core similarity of 100% and a matrix similarity of N95% were selected.
MatInspector-predicted transcription factors possessing a literature
correlation to similar biological processes were used to conduct
module searches. The matches were used to extract common cis-
regulatory modules using FrameWorker (GEMS Launcher software,
Genomatix Suite, www.genomatix.de). Module parameters were
deﬁned as a distance of 5 to 50 bp containing two or more correlated
regulatory motifs. We selected modules with the highest p-value and
that satisﬁed an N95% matrix similarity.
Statistical analysis of data
Statistical analysis of expression data was analyzed using Graph-
Pad Instat v.3 (GraphPad Software, San Diego, CA) and SPSS 15.0
software (SPSS, Inc., Chicago, IL, USA). Signiﬁcant interactions of
ethanol and strain or strain and developmental stage were deter-
mined by two-way ANOVAs followed by Tukey–Kramer multiple
comparison post-tests.
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